In the course of studying [PSI þ ], a yeast prion, we found inadvertently that Escherichia coli strain BL21 overproducing a fusion protein, in which the priondomain of Sup35 was connected to the C terminus of glutathione S-transferase, grew normally to the stationary phase and rapidly decreased in colony-forming ability thereafter. Evidence indicated that protein polymers consisting mainly of the fusion protein GSTSup35NM (about 70% of the mass) and its N-terminal fragments were formed in extract prepared from the cells producing GST-Sup35NM. It was further found that cells of strain BL21 accumulated the protein polymers during prolonged cultivation. Based on these results, we contend that the initially observed defect in colony forming ability is the direct or indirect consequence of intracellular formation and accumulation of the protein polymers.
In the course of studying [PSI þ ], a yeast prion, we found inadvertently that Escherichia coli strain BL21 overproducing a fusion protein, in which the priondomain of Sup35 was connected to the C terminus of glutathione S-transferase, grew normally to the stationary phase and rapidly decreased in colony-forming ability thereafter. Evidence indicated that protein polymers consisting mainly of the fusion protein GSTSup35NM (about 70% of the mass) and its N-terminal fragments were formed in extract prepared from the cells producing GST-Sup35NM. It was further found that cells of strain BL21 accumulated the protein polymers during prolonged cultivation. Based on these results, we contend that the initially observed defect in colony forming ability is the direct or indirect consequence of intracellular formation and accumulation of the protein polymers.
Key words: yeast prion; [PSI þ ]; lethality of Escherichia coli; protein polymer formation Prion, a mammalian pathogen that causes disorders of the central nervous system, consists only of protein encoded by the Prn gene.
1) The gene product of Prn, referred to as PrP C , is thought to be responsible for the longevity of nerve cells.
2) More importantly, it changes conformation to become the prion form, referred to as PrP Sc , though at a very low incidence. Because PrP Sc binds to PrP C and stimulates conversion of PrP C to PrP Sc , once PrP Sc is formed, it accelerates conversion of PrP C to PrP Sc and thus promotes polymerization of PrP Sc . 1) Soon after elucidation of the mechanism by which prion propagates, S. cerevisiae was found to have at least three cellular components, [URE3], 3, 4) [PSI þ ], [5] [6] [7] and [PIN þ ], [8] [9] [10] that persist in the cell in the same manner as mammalian prion; hence they are often referred to as yeast prions. The yeast prions are not only attractive research objects in themselves but also useful model experimental systems for elucidating conformational alteration of mammalian prion and polymerforming proteins in general. Due to this, yeast prions are currently being studied intensively. [11] [12] [13] [14] We have been studying [PSI þ ] because of its involvement in termination suppression. 6, 15, 16) However, it is now evident that [PSI þ ] is a conformational isomer of an S. cerevisiae peptide releasing factor, eRF3, encoded by the SUP35 gene. Sup35 (viz., eRF3 and [PSI þ ]) consists of 685 amino acids and is divided into three functional domains: the C domain (C-terminal 432 amino acids) is responsible for the eRF3 function, the N domain (N-terminal 123 amino acids) manifests conformational alteration and polymerization, and the M domain (middle 130 amino acids) is thought to act as a linker of the N and C domains. 10, 17) It has been found that Sup35, Sup35NM, and Sup35N form polymers in vivo and also in vitro. 7, [18] [19] [20] Since it is a common practice in these studies to construct a fusion gene in which glutathione S-transferase (GST: EC2.5.1.18) is combined with the peptide of interest and to introduce it into the E. coli expression system, we constructed a plasmid that carried a gene encoding GST-Sup35NM in which Sup35NM was fused to the C terminus of GST. Cells producing this fusion protein grew normally to the stationary phase, but their colony-forming ability in the stationary phase decreased much faster than that of the control cells. In this report, first we describe this y To whom correspondence should be addressed. Tel: +81-77-561-2772; Fax: +81-77-561-2659; E-mail: ono@se.ritsumei.ac.jp Abbreviations: Amp, ampicillin; BSA, bovine serum albumin; CBB, Coomasie brilliant blue; CDNB, 1-chloro-2,4-dinitrobenzenen; EDTA, ethylene diamine tetra acetic acid; GST, glutathione S-transferase; GSH, glutathione; IPTG, isopropyl--D-thiogalactopyranoside; LB medium, Luria Bertani medium; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate buffer with standard saline; PBST, phosphate buffer with standard saline and Triton X-100; PCR, polymerase chain reaction; SDS, sodium dodecylsulfate; TEMED, N,N,N 0 ,N 0 -tetramethylenediamine observation, then we present the results of additional experiments we performed. Based on the results, we discuss molecular events that lead to a defect in colony forming ability.
Materials and Methods
Strains and culture conditions. E. coli strain BL21 (F À dcm ompT hsdS B (r B -m B -) gal) 21) was exclusively used as the expression host in this study. LB medium (1% bacto-tryptone, 0.5% yeast extract and 0.5% NaCl, pH 7.2) was used to grow E. coli, as suggested by Sambrook et al. 22) To ensure retention of plasmids, 50 mg/ml Amp was added to LB medium. To stimulate tac promoter, 24 mg/ml IPTG was added. The cells were cultured at 37 C in a rotary shaker at 120 rpm.
Plasmids. The region encoding Sup35NM of plasmid pYST2 6) was PCR-amplified and inserted into the BamHI-XhoI site of plasmid pGEX-4T-3 (Amersham Pharmacia Biotech, Tokyo) containing the Schistosoma japonicum GST gene (Fig. 1A) . Using the resulting plasmid, designated pGEX-SUP35NM, the region encoding Sup35NM together with the termination codon derived from pGEX-4T-3 was PCR-amplified in such a way that it had the BamHI site at both ends. The amplified fragment was then inserted into the BamHI site of plasmid ptac-lacZ, which was constructed by us by replacing the lac promoter of plasmid pLGSD5 23) with the tac promoter of pGEX-4T-3; the resulting plsamid was named tacp-SUP35NM (Fig. 1B) . Plasmids pGEX-4T-3 (GST), pGEX-SUP35NM (GSTSup35NM), and tacp-SUP35NM (Sup35NM) were used for production of the respective proteins in E. coli strain BL21. The genes of interest were under the regulation of the tac promoter, and thus were induced by the addition of IPTG to the culture medium.
Measurements of cell density, colony-forming ability, and proportion of live cells. A 100-ml culture medium in a 500-ml flask was inoculated with a 0.3-ml aliquot of the pre-cultured cells (cells grown in LB medium for 5 to 10 h). Throughout the experimental period, 2.4 mg IPTG and 5 mg Amp were added daily to the culture. A 1 ml aliquot of the culture was removed at 24-h intervals to measure OD 600 . At the same time, a 0.2 ml aliquot of the culture was spread onto agar LB medium; in case of necessity, an appropriate dilution was made. The plate was incubated overnight at 37 C, and the colonies were counted. For measurement of the proportion of live cells in the liquid culture, a LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes, Eugene, OR) was used; for the instructions, refer to http://probes.invitrogen. com.
DNA manipulation. For DNA manipulation, standard procedures were adopted. 22) Restriction endonucleases and ligase (Takara, Kyoto and/or Nippon Gene, Toyama) were used. PCR was performed using an amplification kit (Toyobo, Tokyo). The reaction mixture (50 ml) contained 10 ng template DNA, 10 pmol sense primer, 10 pmol antisense primer, 4 ml dNTP (2 mM), 5 ml 10Â PCR buffer, and 0.5 ml KOD Dash DNA polymerase (2.5 U/ml). The reaction mixture was overlaid with mineral oil and placed in a Mini cyclerÔ (M. J. Research, Waltham, MA), and the reaction was carried out for 20 cycles of 96 C for 30 s, 50 C for 15 s, and 74 C for 2 min.
Preparation of cell extracts. Cells were harvested by A, The region encoding Sup35MN was PCR-amplified using plasmid pYST2 6) as template. The fragment was designed to have the BamHI site and the XhoI site at either end. The resulting fragment was then inserted into the BamHI-XhoI site of pGEX-4T-3 (Amersham, Tokyo) to obtain pGEX-SUP35NM. B, Using plasmid pGEX-SUP35NM as template, the region spanning GST-Sup35NM to the termination codon derived from pGEX-4T-3 was PCR-amplified. The fragment was designed to have BamHI at both ends. The resulting fragment was inserted into the BamHI site of plasmid ptac-lacZ, which was constructed by replacing the lac promoter of plasmid pGEX-4T-3 with the tac promoter. The plasmid obtained was named tacp-Sup35NM.
centrifugation, washed twice with sonication buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, and 1 mM EDTA) and suspended in an equal volume (w/v) of the same buffer. The cell suspension was sonicated with a MicrosonÔ cell disruptor (Heat Systems, Plainview, NY); a cycle of 10 s sonication and 30 s pose was repeated 10 times in an ice bath. Cell homogenate was centrifuged at 10,000 rpm for 30 min. The supernatant obtained was used as the cell extract.
Protein measurements. Proteins were measured as described by Bradford 24) using BSA as a control.
Enzyme assay. GST activity was assayed by the method of Habig et al. 25) The reaction was initiated by adding a 0.3 ml aliquot of cell extract to 2.7 ml of reaction mixture (0.1 M potassium phosphate buffer pH 6.5, 1 mM GSH, and 1 mM CDNB. Absorption of the reaction mixture was measured at 340 nm (A 340 nm ) using a spectrophotometer (Hitachi U-3210; Hitachi, Tokyo). Molar absorbance (") at 340 nm of the CDNB-GSH complex was 9.6 mM À1 cm À1 .
Glycerol concentration gradient centrifugation. A 1 ml aliquot of the cell extract containing 50 mg protein was overlaid on a glycerol concentration gradient (5 to 50% v/v; total volume 10 ml) and centrifuged at 1;600 Â g for 1 h. After centrifugation, 1-ml fractions were collected from the bottom of the gradient.
SDS-PAGE and Western blot analysis.
An aliquot of the cell extract (100 mg protein) was subjected to SDS-PAGE using a 10% acrylamide gel (10% acrylamide, 0.3% methylene bis-acrylamide, 0.4% Tris-HCl pH 8.8, 0.1% SDS, 0.04% APS, and 0.06% TEMED) under a constant current of 20 mA/gel (2 mm Â 150 mm). The tank buffer contained 25 mM Tris, 192 mM glycine, and 0.1% SDS. After electrophoresis for 90 min, the gel was stained with CBB by a conventional procedure. In case of necessity, CBB-stained proteins in polyacrylamide gel were estimated using a gel scanner (GEL DOC; BioRad, Tokyo); the unit was arbitrary.
For Western blot analysis, polyacrylamide gel was washed briefly with blotting buffer (100 mM Tris, 192 mM glycine, and 5% methanol), and proteins were electro-blotted onto Clear Blot Membrane-p (Atto, Tokyo) using a Horize-Blot apparatus (Atto, Tokyo) at a constant current of 2 mA/cm 2 for 90 min. The membrane was soaked in blocking buffer (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 10% skimmed milk, 0.2% Triton-X 100, 140 mM NaCl, and 2.7 mM KCl). After gentle shaking for 2 h, 1.5 mg anti-GST antibody (Amersham Pharmacia Biotech, Tokyo) was added and allowed to stand for 1 h. The membrane was washed with PBST (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 0.2% Triton-X 100, 140 mM NaCl, and 2.7 mM KCl) and challenged with goat anti-rat antibody (1.2 mg) for 1 h. The membrane was washed with PBST and soaked in 8 ml of alkaline phosphatase color-developing buffer (100 mM Tris pH 9.5, 100 mM NaCl, and 50 mM MgCl 2 ) supplemented with 36 ml nitroblue tetrazorium (175 mM in 70% N,N-dimethylformamide) and 28 ml 5-bromo-4-chloro-3-indolyl-phoshate p-toluidine) (115.3 mM in 100% N,N-dimethylformamide).
Congo red binding assay. Cell extract was adjusted to 0.2 mg protein/ml with buffer C (5 mM potassium phosphate, pH 7.4, and 150 mM NaCl) and incubated at 23 C with gentle shaking (2 strokes per min). Aliquots (0.3 ml) were removed at intervals, mixed with an equal volume of Congo red solution (20 mM Congo red, 5 mM potassium phosphate, pH 7.4, and 150 mM NaCl) and measured for absorption at 540 nm (A 540 ) and 477 nm (A 477 ). Bound Congo red (CR B ) was then estimated by the following equation: CR B = (A 540 /25,292) À (A 477 / 46,306).
26)
Electron microscopy. A fraction of the highest glycerol concentration was mixed with 2% phosphotungstic acid. The mixture was placed on a grid coated with a polyvinyl formal membrane and examined with a Hitachi H7500 transmission electron microscope (Hitachi; Tokyo) at an acceleration voltage of 80 kV. The same fraction was also dialyzed overnight against distilled water and lyophilized using Labconco FREE-ZONE 4.5 (Labconco, St. Louis, MO). The resulting material was placed on a sample stage and examined with a Keyence VE-8800 scanning electron microscope (Keyence; Tokyo) at an acceleration voltage of 2 kV.
For transmission electron microscopy of the cells, a portion of cell suspension was suspended in fixative consisting 4% paraformaldehyde, 1% glutaraldehyde, and 0.1 M Hepes-KOH buffer, pH 7.2, for 30 min at room temperature, and washed with PBS. The fixed cells were post-fixed in 2% osmium tetraoxide for 1 h and stained en bloc with 2% uranyl acetate for 1 h. After being washed with 50 mM maleate buffer, pH 5.2, the cells were dehydrated in a graded ethanol series, embedded in Epon 812, and sliced with a glass knife. Thin sections were contrasted with lead citrate. For immuno-electron microscopy, thin sections of the cells were incubated with anti-GST antibody overnight at 4 C, followed by 30 min of incubation with a protein A-gold probe (15 nm in diameter) and then contrasted with uranyl acetate and lead citrate. All preparations were examined with a Hitachi H7500 electron microscope (Hitachi, Tokyo) at an acceleration voltage of 80 kV.
Gel filtration column chromatography. Chromatography was carried out using a column (1:6 mm Â 85 cm) containing Sephacryl S-10,000 SF, which was applicable for separation of molecules of 5 Â 10 5 Da to more than 10 8 Da (Amersham, Tokyo). The cell extract (1 mg protein) was applied onto the column equilibrated with buffer (25 mM Tris-HCl buffer, pH 8.0, and 150 mM NaCl), and the column was eluted with the same buffer. The, 3-ml fractions were collected. To detect GSTSup35NM in these fractions, a 10 ml aliquot was removed from each odd-numbered fraction and applied to SDS-PAGE in order. After separation by SDS-PAGE, Western blot analysis was done using an anti-GST antibody, as described above.
Results
Effects of E. coli strain BL21 caused by induction of the gene encoding GST-Sup35NM E. coli strain BL21 was transformed with plasmid pGEX-SUP35NM (producing GST-Sup35NM), and the transformed cells were inoculated in LB medium containing Amp and IPTG; for comparison, the same strain transformed with pGEX-4T-3 (producing GST) or tacp-SUP35NM (producing Sup35NM) was tested in the same way. The cells transformed with pGEX-SUP35NM, like those transformed with pGEX-4T-3 or tacp-SUP35NM, grew normally to the stationary phase as judged by OD 600 (Fig. 2A) , and OD 600 remained at a constant level for up to 8 d (Fig. 2B) . We found however that cells carrying pGEX-SUP35NM or tacp-SUP35NM decreased in colony-forming ability more rapidly and markedly during prolonged cultivation than those carrying pGEX-4T-3 (Fig. 2C) . Examination of the cells by means of the fluorescence dye method described in ''Materials and Methods'' showed that the proportion of live cells decreased only gradually, and reached about 85% and 95% for cells carrying pGEX-SUP35NM and pGEX-4T-3 respectively even after 8 d of cultivation (data not shown). Hence we therefore think that the observed decrease in colony-forming ability is not attributable to rapid cell death.
Since it is widely known that Sup35, and Sup35NM also, forms filamentous polymers (see ''Introduction''), we thought that Sup35NM, and GST-Sup35NM also, would form polymers in the cells of E. coli strain BL21 and that the protein polymers formed would be responsible for the observed defect in colony forming ability. To test this speculation, we grew E. coli strain BL21 transformed with pGEX-SUP35NM for 24 h in LB medium containing IPTG and Amp, and then removed a 1-ml aliquot of the culture and inoculated it into a 100-ml fresh LB medium containing IPTG and Amp. After incubation for 24 h, the same procedure was repeated. By measuring OD 600 at 1-h intervals, we found that growth was increasingly retarded as the sub-culturing cycles proceeded, and that growth was completely A, E. coli strain BL21 transformed with pGEX-4T-3 (circle), pGEX-SUP35NM (square), or tacp-SUP35NM (triangle) was grown in LB medium containing Amp (50 mg/ml), and the cell density (OD 600 ) was measured at 1-h intervals. The arrow indicates the time when IPTG (24 mg/ml) was added to stimulate the tac promoter. B, The above-mentioned cultures were incubated further, and cell density was measured at 1-d intervals for 8 d. Amp and IPTG was added daily. Experimental details of measurement of colony-forming ability are described in ''Materials and Methods.'' C, Same as B except that colony-forming ability was monitored.
deceased after 6 cycles of sub-culturing (Fig. 3) . The growth of the cells transformed with pGEX-4T-3 was not affected at all by repeated sub-culturing, whereas the cells transformed with tacp-SUP35NM behaved in the same way as those transformed with pGEX-SUP35NM (data not shown). These results not only support our speculation, but suggest further that the initially observed defect in colony-forming ability in the stationary phase is the result of the time-gap between the primary cause (initiation of production of GST-Sup35NM) and the detrimental consequence (loss of colony-forming ability).
Production of GST-Sup35NM in E. coli strain BL21 transformed with plasmid pGEX-SUP35NM
The cells of E. coli strain BL21 transformed with plasmid pGEX-SUP35NM and pGEX-4T-3 were expected to produce GST-Sup35NM (56,246 Da) and GST alone (25,700 Da), respectively. In order to ensure this, cells grown for 24 h in LB medium containing IPTG and Amp were harvested and disrupted by sonication. The homogenates obtained were centrifuged at 10;000 Â g for 30 min. The resulting supernatants and pellets were subjected to SDS-PAGE. As shown in Fig. 4A , the cells producing GST alone (lanes 3 and 4) The supernatant fractions were subjected to Western blot analysis using an anti-GST antibody (Fig. 4B) . Bands with strong signals were observed at positions corresponding to 27 kDa (lane 2) and 66 kDa (lane 3), leading us to conclude that these bands truly correspond to GST and GST-Sup35NM respectively. Hence it was concluded that plasmids pGEX-4T-3 and pGEX-SUP35NM were effective in allowing E. coli strain BL21 to overproduce GST and GST-Sup35NM respectively under our experimental conditions. E. coli strain BL21 transformed with pGEX-SUP35NM was cultivated in LB medium containing Amp (50 mg/ml) and IPTG (24 mg/ml). After incubation for 24 h, a 1-ml aliquot of the culture was transferred to 100 ml of fresh LB medium containing Amp and IPTG, and this procedure was repeated every day for 6 d. In the course of the experiment, cell density was monitored at 1-h intervals. The number attached to each curve represents the number of sub-culturing. A, E. coli strains BL21 (lanes 1 and 2), BL21/pGEX-4T-3 (lanes 3 and 4), and BL21/BL21/pGEX-SUP35NM (lanes 5 and 6) were separately grown overnight in LB medium containing Amp (50 mg/ml) and IPTG (24 mg/ml). The cells were harvested and disrupted by sonication. The cell homogenates were centrifuged at 10;000 Â g for 30 min, and supernatants (lanes 1, 3, and 5) and pellets (lanes 2, 4, and 6) were subjected to SDS-PAGE. Protein polymer formation in the cell extract of E. coli strain BL21 producing GST-Sup35NM
In order to support our contention that GSTSup35NM forms polymers, we carried out subsequent experiments using cell extract prepared from strain BL21 transformed with plasmid pGEX-SUP35NM and grown for 24 h in LB medium containing IPTG and Amp. Strain BL21 transformed with plasmid pGEX-4T-3 was used for comparison. The cell extract (50 mg protein per ml) was incubated at 4 C with gentle shaking (2 strokes per min), and then aliquots were removed at intervals and measured for bound Congo red, as described in ''Materials and Methods.'' As shown in Fig. 5A , the extract of the cells producing GSTSup35NM showed marked increases in bound Congo red with increasing incubation time.
In contrast, the cell extracts of strain BL21 producing GST alone did not show such a marked increase in bound Congo red. The small increase in bound Congo red observed for strain BL21 producing GST alone was attributed to nonspecific denaturation of cellular proteins. Hence we concluded that GST-Sup35NM, but not GST or any cellular component of strain BL21, underwent facilitated conformational alteration in vitro. It was further found that the GST activity of the cell extracts containing GST-Sup35NM was high at the beginning of incubation and decreased markedly as incubation proceeded. The cell extracts containing GST alone showed only a slight decrease in GST activity (Fig. 5B) . Because the band profiles of CBB-staining and of Western blot analysis with an anti-GST antibody remained unchanged during the incubation period (data not shown), we concluded that the observed decrease in GST activity was attributable to the conformational alteration of the GST moiety of GST-Sup35NM but not to degradation of GST-Sup35NM.
We did the Congo red binding assay using extract prepared from cells cultured for 6 d in the presence of Amp and IPTG. As shown in Fig. 5C , the initial amount of bound Congo red was substantially higher for GSTSup35NM (0.9 mM) than for GST alone (0.3 mM). Note that the values for the cells of 1-d cultivation were 0.4 mM for GST-Sup35NM and 0.2 mM for GST alone (see Fig. 5A ), indicating that conformational alteration proceeded in the cells during prolonged cultivation. It was also found that the extract from the cells of 6-d cultivation showed a further increase in bound Congo red, indicating that the cell extract still contained A, After E. coli strains BL21/pGEX-4T-3 (circle) and BL21/pGEX-SUP35NM (square) were separately grown for 1 d in LB medium containing Amp (50 mg/ml) and IPTG (24 mg/ml), the cells were harvested. Cell extracts prepared as described in ''Materials and Methods'' were incubated in vitro with gentle shaking. Aliquots were removed at intervals and mixed with Congo red. Bound Congo red was then estimated as described in ''Materials and Methods.'' B, Same as A except that GST activity was measured at 1-d intervals. C, Same as A except that the sample was prepared from cells cultivated for 6 d in LB medium containing Amp and IPTG.
proteins that were able to undergo conformational alteration.
In order to investigate polymer formation during in vitro incubation, we did the following experiment: cell extract of E. coli strain BL21 transformed with pGEX-SUP35NM and cultured for 1 d in the presence of Amp and IPTG was incubated with gentle shaking, as before.
From the cell extract, we took 1-ml portions at 1-d intervals. Each sample was then subjected to glycerol concentration gradient centrifugation as described in ''Materials and Methods.'' After centrifugation, fractions were collected from the bottom of the gradient and subjected to SDS-PAGE analysis. It was evident that the longer the incubation time, the more proteins moved A, E. coli strain BL21/pGEX-SUP35NM was grown for 1 d in LB medium containing Amp (50 mg/ml) and IPTG (24 mg/ml). The cells were harvested, and cell extract was prepared and incubated in vitro with gentle shaking. Aliquots were removed at 1-d intervals and subjected to glycerol concentration gradient centrifugation. The fractions obtained were analyzed by SDS-PAGE, as described in ''Materials and Methods.'' The numbers on the top of each panel indicates days of in vitro incubation. The triangles beneath the panels indicate the direction of the glycerol concentration gradient (50% to 5%). Ten fractions collected from the bottom of the tube were aligned in this direction, and a marker set was placed in the left-most lane. Molecular mass (kDa) deduced from the marker set is indicated on the left side. B, From the results shown in Fig. 6A , the amount of GST-Sup35NM in each lane was estimated; that is, the area (arbitrary units) of the 66 kDa band in each lane of each panel was measured. For each panel, the values obtained were summed for high glycerol concentration fractions (fractions 1 through 6, F 1{6 ) and for all fractions (fractions 1 through 10, F 1{10 ), respectively. Then F 1{6 /F 1{10 (%) was deduced and plotted against incubation time (d). C, The fraction of the highest glycerol concentration was subjected to SDS-PAGE (left panel) and also to Western blot analysis using an anti-GST antibody (right panel). The triangle indicates the band stained with CBB but not with Western blotting. D, The fraction of the highest glycerol concentration was subjected to transmission electron microscopy after negative staining (left panel) or scanning electron microscopy (right panel), as described in ''Materials and Methods.'' The bar in each panel represents 1 mm.
into the fractions with higher glycerol concentrations (Fig. 6A ). The fraction with the highest glycerol concentration obtained from the cell extract incubated for 5 days showed 6 intense bands (Fig. 6B, left panel) . It was further found that most of the CBB-stained bands showed positive signals by Western-blotting with an anti-GST antibody (Fig. 6B, right panel) . Since the band at the position corresponding to 66 kDa was most prominent, we concluded that this band represented GST-Sup35NM, and that the other bands that showed positive signals on Western blot analysis were degradation products, particularly the N-terminal fragments, of GST-Sup35NM. Hence we contend that the fraction with the highest glycerol concentration contained protein polymers that consisted largely of GST-Sup35NM and its degradation product; as judged by band density, the mass of GST-Sup35NM corresponded to about 70% of the total mass. In this regard, the band corresponding to 38 kDa (marked by a triangle) was of interest because it was stained on CBB but not on Western-blotting. It remains to be elucidated whether this protein attaches only to the polymers formed or plays a certain role in polymer formation.
Next we measured the intensity of the 66 kDa band for each fraction for each panel. 
Detection of protein polymers by electron microscopy
The fraction with the highest glycerol concentration was examined with a transmission electron microscope after negative staining. Fibrous entities were clearly seen (Fig. 6D, left panel) . Next we lyophilized the same fraction following overnight dialysis against water. Examining the resulting material with a scanning electron microscope, we observed bundles of fibers (Fig. 6E, right panel) . Hence we conclude that the fibers observed were polymers of GST-Sup35NM, mentioned in the preceding sections.
Electron microscopy of cells of E. coli strain BL21 producing GST-Sup35NM E. coli strain BL21 transformed with pGEX-SUP35NM was subjected to transmission electron microscopy (Fig. 7) . The intracellular electron dense area was much more prominent for cells of 6-d cultivation (panel ii) than for cells of 1-d cultivation (panel i). Immuno transmission electron microscopy using an anti-GST antiserum revealed black dots representing gold particles associated with the electron dense area (panels iii and iv). Moreover, it was seen that the gold particles tended to gather together more in cells of 6-d cultivation (panel iv) than in cells of 1-d cultivation (panel iii). Hence we conclude that the electron-dense entity in the cell represented polymers containing GST-Sup35NM.
Gel filtration column chromatography of extract prepared from cells producing GST-Sup35NM
From the above results, we were convinced that the GST-Sup35NM fusion protein formed polymers in E. coli strain BL21. To support this, we did a sort of two-dimensional analysis of the cell extract. E. coli strain BL21 transformed with pGEX-SUP35NM was grown in the presence of IPTG and Amp for 1 d or 6 d. The cells were harvested, and cell extracts were prepared and subjected to gel filtration. Fractions of gel filtration were subjected to SDS-PAGE followed by Western blot analysis using an anti-GST antibody. As shown in Fig. 8 , the signal corresponding to GSTSup35NM (66 kDa) was observed in fractions 34-94 in the cells cultivated for 1 d (upper panel) and in fractions 34-62 in cells cultivated for 6 d (lower panel). Note that Sephacryl S-10,000 SF, used in this experiment, was effective in separating molecules of larger than 5 Â 10 5 Da, and that -galactosidase activity (used as an internal control) eluted in fractions 82-86. From these results, we conclude that GST-Sup35NM forms polymers in the cell, and that the degree of polymerization increases as cultivation of the cells proceeds.
Discussion
In this study, we first observed that E. coli strain BL21 overproducing GST-Sup35NM grew normally to the stationary phase but rapidly decreased in colonyforming ability thereafter. Moreover, subsequent investigation indicated that the observed decrease in colony- Fig. 7 . Transmission Electron Microscopy of Cells Producing GSTSup35NM. E. coli strain BL21/pGEX-SUP35NM was cultivated in LB medium containing Amp (50 mg/ml) and IPTG (24 mg/ml). The cells were harvested after 1 d (i and iii) or 6 d (ii and iv) of cultivation and subjected to conventional (i and ii) and immuno (iii and iv) transmission electron microscopy, as described in ''Materials and Methods.'' The bar in each panel indicates 1 mm.
forming ability was not specific to the cells in the stationary phase, but was only the result of the time-gap between the cause (gene induction) and the consequence (decrease in colony-forming ability). The majority of the cells were live as diagnosed by the fluorescence dye method, leading to the speculation that accumulation of protein polymers causes a decrease in colony-forming ability without causing rapid cell death.
It was found that GST-Sup35NM underwent conformational alteration in vitro. Loss of GST activity was a strong indication that the GST-moiety had functional conformation at the beginning and underwent conformational alteration during prolonged incubation of the cell extract. Subsequently we succeeded in obtaining protein polymers by glycerol concentration gradient centrifugation. The polymers obtained were formed with GSTSup35NM (about 70% of the mass) and its degradation products. It appeared as if the degradation products having an N terminus of GST-Sup35NM were integrated into the polymers. Electron-microscopic observations supported the formation of fibrous polymers in the cell extract after prolonged in vitro incubation. We further examined E. coli strain BL21 overproducing GSTSup35NM by transmission electron microscopy and found that the cells accumulated electron dense materials, which react with an anti-GST antibody, as cultivation proceeded.
From these results, together with previously available information, we conceived the observed defect in the colony-forming ability of E. coli strain BL21 as follows: (i) The Sup35N-domain of GST-Sup35NM undergoes conformational alteration, (ii) this triggers polymerization of GST-Sup35NM, and (iii) the resulting polymers make the cells unable to divide. The gradual retardation of growth of the cells overproducing GST-Sup35NM observed in the sub-culturing experiment (Fig. 3) is a good indication that polymer formation is a rather slow process. More significantly, this observation strongly indicates that GST-Sup35NM polymers are transmitted through cell division and act as seeds for further extension of the polymers.
It is often found that overproduction of foreign proteins in E. coli results in growth retardation or lethality due to formation of inclusion bodies, 27 ) but we do not think that the observed growth retardation is attributable to inclusion bodies, for the following reasons; (i) while typical inclusion bodies are highly insoluble and are not readily dissolved even with strong detergent treatment, GST-Sup35NM polymers are readily dispersed in buffer solution and are fractionated by size by glycerol concentration gradient centrifugation (Fig. 6A) as well as gel filtration column chromatography (Fig. 8) , and (ii) GST-Sup35NM polymers are not amorphous but fibrous (Fig. 6C) . Moreover, the appearance of the entity accumulated in the cell revealed by transmission electron microscopy ( Fig. 7) is quite different from that of typical inclusion bodies.
Paushkin et al. 18) and Dagkesamanskaya et al. 28) have reported that a fusion protein in which the entire Sup35 protein is connected to the C-terminus of GST is not only unable to polymerize, but also inhibitory of the polymerization of Sup35 in S. cerevisiae cells. Our observation reported here is apparently contradictory to theirs, but agrees with the result of Balbirnie et al. 29) Hence we contend that the amino acid sequence in the gap connecting the GST moiety and the Sup35 or Sup35NM moiety affects the polymer-forming ability of the fusion proteins. The different behaviors of the fusion proteins are of great interest in understanding the conformational alteration of Sup35N, and deserve further investigation in the future.
The results presented in this report together indicate E. coli strain BL21/pGEX-SUP35NM was cultivated in LB medium containing Amp (50 mg/ml) and IPTG (24 mg/ml). The cells were harvested after 1 d (upper panel) or 6 d (lower panel) of cultivation, and the cell extract was prepared and fractionated using a column of Sephacryl S-10,000 SF. The odd-numbered fractions were subjected to SDS-PAGE followed by Western blot analysis using an anti-GST antibody. Experimental details are described in ''Materials and Methods.'' The doubl-headed arrow on top of the upper panel indicates the position where -galactosidase activity was detected.
that E. coli strain BL21 serves as a good experimental tool for the elucidation of protein-polymer formation. We also contend that glycerol concentration gradient centrifugation is a potent procedure in dealing with polymer-forming proteins. It is not only a vital method in obtaining protein polymers but also a useful tool for studying the mechanisms of protein-polymer formation.
